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n . lntroduction fuc welding processes, in which the metal parts are heated by the intense heat of the arc and fused together either Gas tungsten arc welding (G'lA!y) and gas metal arc welding (GMAW) have been two of the most dominant welding processes in industry. Some modeling efforts have been put on other arc welding processes such as plasma arc welding'). However, the majority of the modeling research has been focused on GTAW and GMAW. To limit the scope of this pdp€r, GTAW and GMAW based welding processes will mainly be discussed. Also, the intent of this paper is not to review all the recent developments in the modeling of arc welding processes. 
Transport phenomena in arc plasma
Modeling heat transfer and fluid flow in the arc plasma of GTAW has been well documented14ro). These studies all dealt with the arc plasma between a tungsten electrode (cathode) and a water-cooled copper plate (anode). The anode was represented as a flat surface. It has been observed that the surface of the weld pool becomes markedly depressed at high current levels, and the assump tion of a flat surface is no longer valid'x "t). Although Choo and Szekelyrr)) presented a model of high current arcs with a deformed anode surface, the specified weld pool shapes have been approximated as a stepwise one, and the cathode tip shape was limited to be flatended. Experimentally, Lin and Eager'& measured the arc pressure with different electrode shapes, and showed that the sharp cathode produces a higher arc pressure than the blunt one. That is, the cath' ode shape is an important factor influencing the welding arc characteristics and the transferring phenomena on the base plate. It should also be emphasized that in most studies on heat transfer and fluid flow in the arc plasma, a current density profile has to be assumed over the surface plane of the cathode'e'o, and it has been found that the theoretical pre' dictions are sensitive to the current density at the cathode 'u)'
The model without any assumption of the current density at the cathode surface was presented inzr'z'). The distribution 
Unified models
The studies of heat transfer and fluid flow in the weld pool have been an area of active research and have made great progress in recent years. For the effective usage of these models on weld pool, accurate information about the welding arc influencing the molten pool is a prerequisite.
The transport phenomena of arc plasma are critical because they yield critical information on the arc pressure, arc drag force, and heat input to the workpiece. Unified models including cathode, arc plasma and anode are believed to be the trend for the modeling of arc welding processes.
As mentioned above, most investigators have concentrated on representing weld pool behavior on the one hand and the modeling of welding arc on the other, with relatively little attention being paid to the interfacial regions. HaidaC') presented a unified treatment of the arc, the anode, and the cathode, and included a detailed account of the sheath effects near the electrodes; the free surface of the anode was handled using the volume of fluid (VOF) method. The whole region of the stationary GTAW process, namely, hrngsten cathode, arc plasma, and stainless steel anode is treated in a unified model by Tanaka) and Ushio"). The pre dicted weld shape, heat intensity, and current density as a function of radius at the anode agreed well with experimental results. However, the anode surface deformation and the effect of full penetration were not addressed. 
Transport phenomena in molten pool and arc plasma
Compared with the GTA welding pool, however, the GMAW molten pool is less studied from both experimental and theoretical aspects due to the interaction between the In GMAW, the simulation of arc plasma was more challenging since the anode (droplet) and cathode (molten pool) are free surfaces; furthermore, the effect of droplet flight in arc plasma had to be addressed. Compared with GTAW arc plasma, the modeling of GMAW arc plasma was far less addressed, A 2D steady-state mathematical model was developed by Jonsson'") to predict electric potential, temperature, and velocity. However, the electrode was assumed no melting, so the effects of the electrode shape and droplet on the arc plasma were not considered. molten droplets, the transport and interaction of the droplets in the arc plasma, and the interaction between the droplets and the weld pool. Two-way interactions between the arc-metal interfaces were also addressed: the simulation of heat and mass transfer in the arc plasma considered the developing surface profile of an electrode and the molten pool, also the effect of a flying droplet inside the arc plasma.
Furthermore, the heat inputs to the electrode and the molten pool resulted from the simulation of the arc plasma. The metal powder is fed into the molten pool by the carrier gas (argon) through the powder feeding coaxial nozzle. As the plasma arc moves forward, the rirolten metal'solidifies to form a deposited layer. Zekovic'"" developed a model for gas-powder flow in laser-based direct metal deposition (DLMD). Compared with DLMD, PPD is more complex since the arc plasma is a high-temperature electromagneticinduced gas flow. Similar to unified models for GTAW, the PPD modeling will be divided into two coupling steps. The first step is to simulate the arc plasma with powder.
Compared with GTAW, much work needs to be done to describe the distribution of powder in the arc plasma, and the in-flight heating and melting of powder in the arc plasma. In the modeling, the Eulerian-lagrangian approacha"
can be used to simulate the plasma-powder flow. The second step will consider the addition and the impingement of powder on the molten pool. The changing surface profile of the molten pool will be also coupled with the simulation of the arc plasma in the first step.
6" A whole-process model and advanced computational technologies
It is well known that multilayer welding produces a higher thermal stress and distortion. PPD is capable of creating functional graded materials depending on the powder feeding system's parameters such as the flow rate and mixing rate of different powders. All of these summon a wholeprocess model that includes thermal, fluid, mechanical, and So far, most of the research is about bead-on-plate welding. Using a boundary-fitted coordinate, DebRoyo" developed a 3D steady model for GMA fillet welding that is characterized by a V-shaped joint geometry. Finer meshes were put along the interfaces among the cathode, arc plasma, and anode"). To gradually push the welding modeling to industry, 3D models with techniques such as unstructured mesh and adaptive mesh to handle more complicated shape will be needed. Adaptive meshing is used to refine the mesh to regions with large gradients. Thus, increased computational efficiency can be obtained without sacrificing accuracy. Typically, a fine mesh region is moving with the heat source.
6, summary
Unified models are believed to be the trend for the modeling of arc welding processes. 2D unified models have been developed to simulate the arc and the weld pool until full penetration. 3D unified models will be needed to address the 3D welding properties such as arc wandering.
3D modeling of multi-pass welding processes with feeding wire, droplet, and powder will be also beneficial to the new welding-based SFF technologies. A tightly coupled 3D wholeprocess model will be the ultimate goalfor the modeling of arc welding processes. Parallel computing will be more widely used .in the modeling of welding processes.
More advanced meshing techniques such as unstructured mesh will replace boundary-fitted coordinate and stepwise approximation to better describe the complex geometry shape. [n summary, with the continuing growth in computer capability and computational techniques, and increasing effort on the research about the science of modeling, the contributions of modeling to industrial welding processes will be more and more promising.
